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Comparative study of phenol and thiophenol adsorption on Cu(110)
Y. Kitaguchi, S. Habuka, T. Mitsui, H. Okuyama,a) S. Hatta, and T. Aruga
Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
(Received 22 April 2013; accepted 26 June 2013; published online 26 July 2013)
Adsorption of phenol and thiophenol (benzenethiol) on Cu(110) is investigated by a scanning tun-
neling microscope and electron energy loss spectroscopy. Phenol adsorbs intact and forms a cyclic
trimer at 78 K. It is dehydrogenated to yield a phenoxy (C6H5O) group at 300 K. On the other
hand, thiophenol is dehydrogenated to a thiophenoxy (C6H5S) group even at 78 K. Both products
are bonded via chalcogen atom to the short-bridge site with the phenyl ring oriented nearly paral-
lel to the surface. The C6H5O and C6H5S groups are preferentially assembled into the chains along
the [001] and [1¯12] directions, respectively. Dipole-dipole interaction is responsible for the chain
growth, while the chain direction is ruled by the steric repulsion between chalcogen atoms and adja-
cent phenyl ring. This work demonstrates a crucial role of chalcogen atom of phenol species in their
overlayer growth on the surface. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4815968]
I. INTRODUCTION
Adsorption of aromatic molecules on solid surfaces has
drawn much attention because the organic thin film has poten-
tial application in the field of surface engineering. It is essen-
tial to understand in detail the microscopic chemical bond and
geometry at the interface of organic films and the substrates,
which influence the macroscopic properties such as adhesive-
ness and mechanical resistance.1 Phenol has two functional
groups, i.e., hydroxyl group and phenyl ring, which can be
involved in the interaction with the surface as well as with
the neighboring molecules. Therefore, it is important to un-
derstand their interplay for the rational functionalization of
the interface. It is well established that phenol undergoes par-
tial dehydrogenation to yield a phenoxy (C6H5O) group on
various metal surfaces.2–11 By mainly using electron energy
loss spectroscopy (EELS), Richardson and Hofmann showed
that C6H5O is adsorbed on Cu(110) with its molecular plane
nearly parallel to the surface, based on which the molecule
was suggested to interact with the surface via both its aromatic
ring and oxygen atom.2 However, the details of the binding
structure, its temperature dependence, and the effect of inter-
molecular interaction remain yet to be clarified.
The adsorption of related sulfur-containing species on
metal surfaces has also been studied from the viewpoint
of surface functionalization with self-assembled monolayers
(SAMs) anchored by stable metal-sulfur bonds.12 So far the
study of thiol-based SAMs has been of considerable inter-
est due to their technological applications in molecular elec-
tronic devices, chemical and biochemical sensors, and corro-
sion inhibitors.13 The benzenethiol (thiophenol) molecule, the
simplest arenethiol, is analogous to phenol in that both the
phenyl ring and the active anchor group (SH) can be involved
in the interaction and reaction with the surface. Reflecting
higher acidity of the SH group compared to the OH group for
these compounds, thiophenol is dehydrogenated to thiophe-
a)Author to whom correspondence should be addressed. Electronic mail:
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noxy (C6H5S) species on metal surfaces at lower temperature.
The molecular geometry of C6H5S on Cu(110) was suggested
to be flat-lying in the same way as C6H5O.14, 15 On other
metal surfaces, however, it was suggested that the molecule
stands up with the molecular plane tilted out of the surface
plane, in contrast to the case of phenoxy group.16–20 Thus the
functional groups (O and S) play a key role in optimizing
the molecular structure, contributing to both the adsorbate-
adsorbate and adsorbate-substrate interaction.21, 22 A compar-
ative study of phenoxy and thiophenoxy adsorption would un-
ravel the different roles of S and O atoms in the interaction of
these bi-functional molecules with the surface.
In this study we comparatively investigate phenol and
thiophenol adsorption on Cu(110) by using a scanning tun-
neling microscope (STM) and EELS. Phenol adsorbs intact
at 78 K and forms a cyclic trimer via H-bond interaction.
It is partially dehydrogenated to yield C6H5O at 300 K, as
reported in the literature. The local structure of C6H5O and
C6H5S is qualitatively similar: they are bonded via chalco-
gen atom to the short-bridge site with the phenyl ring oriented
nearly parallel to the surface. The dipole interaction between
the molecules causes them to form one-dimensional chains
along the [001] and [1¯12] directions for C6H5O and C6H5S,
respectively. It is proposed that the chain direction is ruled by
the steric hindrance between chalcogen atom and phenyl ring
of adjacent molecule.
II. EXPERIMENTAL
The experiments were carried out in an ultrahigh-vacuum
chamber equipped with an STM operating at 4.5 K. Phe-
nol, phenol-2,3,4,5,6-d5 (C6D5OH), and thiophenol were ob-
tained from Aldrich. The single crystalline Cu(110) surface
was cleaned by repeated cycles of argon-ion sputtering and
annealing. An electrochemically etched tungsten tip was used
as an STM probe. The surface was exposed to the vapors at
78 or 300 K and subsequently cooled to 4.5 K for the STM
measurement. The registry of the molecules to the surface
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FIG. 1. (a) A typical STM image of Cu(110) exposed to phenol at 78 K. Three protrusions are observed as a unit, suggesting that phenol forms a cyclic trimer.
(b) Reflecting the twofold symmetry of Cu(110), the trimer shows four equivalent orientations as labeled by “1” - “4”. (c) Trimers of two different configurations
corresponding to “1” and “2” in (b), and their model structure. They are optically isomeric with each other with a mirror plane (dashed lines), and are ascribed
to clockwise or counterclockwise orientation of H-bonds. The image size is 120×120 Å2, 54×54 Å2, and 22×36 Å2 for (a), (b), and (c), respectively. The
images were obtained with sample bias voltage V = 86 mV and tunneling current I = 0.2 nA.
lattice was determined by their relative location with coad-
sorbed oxygen atom on the hollow site (Fig. S1 in the supple-
mentary material23).
The adsorption states were characterized by electron en-
ergy loss spectroscopy (EELS, LK-5000, LK Technologies,
Inc.). The primary electron energy 7 eV, incidence angle 60◦,
reflection angle 60◦ with respect to the surface normal, and
typical energy resolution of 3 meV (the full width at half max-
imum of the elastic peak) were used. The surface was exposed
to the vapors through a tube doser and subsequently probed by
EELS at 110 or 300 K.
III. RESULTS AND DISCUSSION
A. Phenol adsorption
A typical STM image of Cu(110) exposed to phenol at
78 K is shown in Fig. 1(a). The image shows predomi-
nantly three protrusions in triangular shape, suggesting that
the molecules form a cyclic trimer. As shown later, the EELS
confirms that phenol adsorbs intact in a cyclic (closed) H-
bond configuration. Cyclic phenol trimer also exists in free
jets24, 25 and solid phase.26 Due to the two-fold symmetry of
the substrate, four equivalent configurations of trimer are ob-
served (Fig. 1(b)). Two selected configurations are shown in
Fig. 1(c), which are mirror images of each other against the
reflection plane along [1¯10] (dashed line). The chirality is
created from the adsorption and clustering of achiral phenol
molecules, as schematically shown in the bottom of Fig. 1(c).
The orientation of H-bonds is clockwise or counterclockwise,
although we cannot determine which image is ascribed to ei-
ther configuration. As the exposure increases, the amount of
trimer increases but larger clusters are hardly observed, indi-
cating that phenol prefers cyclic (or closed) structure rather
than extended chain.
When exposed at 300 K, the surface shows predom-
inantly linear chains of protrusions along the [001] direc-
tion (Fig. 2(a)). Phenol is dehydrogenated to yield a phe-
noxy group (C6H5O) on Cu(110) at 300 K, as confirmed by
the EELS (described later). Thus individual protrusions in
Fig. 2(a) are ascribed to phenoxy groups. An isolated phe-
noxy group is imaged as a pair of protrusion and depression
(Fig. 2(b)) which reflect the density of states at the phenyl
ring and oxygen atom, respectively, in analogy with the hy-
droxyl group27 and methoxy group28 on Cu(110). The images
in Fig. 2(b) were obtained at the same area before and after the
molecule was manipulated by STM. The lattice of surface Cu
atom superimposed on the images suggests that oxygen atom
is bonded to the short-bridge site (shown by a dot), around
which the phenyl ring was rotated, as schematically shown in
the bottom of Fig. 2(b).
The EEL spectra for phenol adsorption on Cu(110) are
shown in Fig. 3. The upper and lower spectra were recorded
at 300 and 110 K, respectively. The 380 meV peaks are char-
acteristic of sp2 C–H stretch vibration mode, indicating that
the phenyl ring remains intact upon adsorption on the sur-
face at both temperatures. The lower-frequency peaks are as-
signed with the reference to the gas-phase counterpart,29, 30 as
summarized in Table I. The isotope substitution (C6D5OH)
was employed to reinforce the assignment (Fig. S2 in the
supplementary material23). The O–H stretch mode is ob-
served in the lower spectrum of Fig. 3 as a broad structure at
TABLE I. A summary of vibration energies (meV) shown in Fig. 3 and their
assignment for phenol/Cu(110).
Vibration energy (meV)
Label 110 K 300 K Approximate description
A 23, 38 38 Cu-ring stretch
29 Cu–O stretch
B 63, 85 65, 85 C–C out-of-plane bend
C 93, 101 93 C–H out-of-plane bend
D 110, 144 118 C–H in-plane bend
154 157 C–O stretch
173 O–H in-plane bend
E 185, 198 180, 190 C–C stretch
F 378 379 C–H stretch
∼400 O–H stretch
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FIG. 2. (a) A typical STM image of Cu(110) exposed to phenol at 300 K.
The phenoxy groups form one-dimensional chains along the [001] direction.
(b) STM images of an isolated phenoxy group taken at the same area. The
molecule was manipulated by STM to change the orientation. The molecule
appears to rotate around the short-bridge site (depicted by a dot) to which
oxygen atom is bonded, as schematically shown in the bottom. (c) STM im-
ages of phenoxy chains. The molecules are arranged with a period of two-
atomic distance (7.2 Å). They are oriented in either [001] or [00¯1] direction
and in the same direction in each chain. The structures are depicted with
van der Waals radii taken into account for each atom. The image size is 97
× 97 Å2, 19 × 19 Å2, and 24 × 36 Å2 for (a), (b), and (c), respectively. The
images were obtained at V = 36 mV and I = 5 nA.
∼400 meV, indicating that the O–H bond remains intact at
110 K. We note that while the peak is not clear, it is intrin-
sic because the same feature is observed for the isotope spec-
trum in Fig. S2 in the supplementary material.23 The signa-
ture of the O–H bond is also observed at 173 meV, which is
assigned as the O–H bending mode. The O–H stretch mode
was observed at 450 and 400 meV for vapor (free) and solid-
phase (cyclic) phenol, respectively. The H-bond interaction
FIG. 3. EEL spectra recorded for C6H5OH/Cu(110) at 300 K (top) and 110
K (bottom). The O–H derived peaks at 173 meV (O–H in-plane bend) and
∼400 meV (O–H stretch) are observed at 110 K, while they are absent at
300 K. The Cu–O stretch peak (29 meV) is observed at 300 K, indicating
that phenol is dehydrogenated to phenoxy species. The peak assignment is
summarized in Table I.
causes the elongation of the O–H bonds, giving rise to the
decrease of the stretch mode frequency. The absence of the
free mode (450 meV) indicates that phenol exists as a cyclic
trimer on Cu(110). On the other hand, the O–H related modes
are absent in the upper spectrum, indicating that phenol dis-
sociates to a phenoxy group at 300 K.2 The appearance of the
29 meV peak assigned to O–Cu stretch is also consistent with
the O–H cleavage and phenoxy formation. In both spectra, the
peaks related to the phenyl ring are almost similar to those for
gas-phase phenol, suggesting that the interaction of the phenyl
ring with the surface is weak chemisorption, as in the case
of benzene on the same surface.31 The dominant 93 meV
peaks assigned to the C–H out-of-plane bend (wag) mode
decrease in intensity in the off-specular direction (Fig. S3 in
the supplementary material23). The intense wag mode in the
dipole-scattering regime is diagnostic for a phenyl ring par-
allel to the substrate; both phenol and phenoxy group are ad-
sorbed in flat configuration, as depicted in Figs. 1(c) and 2(b),
respectively.
B. Thiophenol adsorption
A typical STM image of Cu(110) exposed to thiophe-
nol at 78 K is shown in Fig. 4(a). In contrast to the case
of phenol, individual molecules are isolated and imaged as a
protrusion accompanied with a tail. Similar images were ob-
served for thiophenoxy groups (C6H5S) on Cu(111)32, 33 and
Au(111).34 The EELS shows no peak derived from S–H bond
(∼300 meV) at 110 K (lower in Fig. 5) as well as at 300
K (upper). Therefore we assign individual STM images in
Fig. 4(a) as thiophenoxy species and attribute the protrusion
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FIG. 4. (a) A typical STM image of Cu(110) exposed to thiophenol at 78 K
(V = 50 mV and I = 5 nA). Thiophenol is dehydrogenated to thiophenoxy
(C6H5S) group which is oriented along either [1¯10] or [001] direction. (b)
STM images of thiophenoxy groups in different orientations (V = 50 mV
and I = 1 nA), and their schematic illustrations. Sulfur atom is adsorbed on
the short-bridge site with the phenyl ring nearly parallel to the surface. The
image size is 140×140 Å2 and 14×14 Å2 for (a) and (b), respectively.
and tail to the phenyl ring and sulfur atom, respectively. The
peak assignment of EELS is conducted with reference to gas-
phase thiophenol, as summarized in Table II. The intense
C–H wag mode at ∼90 meV again indicates the phenyl ring
is nearly parallel to the surface.
Figure 4(a) shows that isolated thiophenoxy groups are
oriented along the [001] or [1¯10] direction. Out of 802
molecules imaged, 557 molecules were oriented along [001];
the former is favored by a factor of ∼3.8. As shown later,
the [001] species is thermodynamically stable while the
[1¯10] species is metastable. The metastable [1¯10] species
is observed because the conversion is kinetically limited at
78 K. Their close inspection and surface registry are shown in
Fig. 4(b). The molecule can be manipulated by STM between
FIG. 5. EEL spectra recorded for C6H5SH/Cu(110) at 300 K (top) and
110 K (bottom). Either spectrum shows no S–H stretch peak at ∼300 meV,
indicating that thiophenol is dehydrogenated to thiophenoxy species even at
110 K. The peak assignment is summarized in Table II.
TABLE II. A summary of vibration energies (meV) shown in Fig. 5 and
their assignment for thiophenol/Cu(110).
Vibration energy (meV)
Label 110 K 300 K Approximate description
A 26, 35 23, 36 Cu-ring stretch
B 58, 84 58, 83 C–C out-of-plane bend
C 91 92 C–H out-of-plane bend
D 125, 132, 143 121, 132, 144 C–H in-plane bend
E 180, 196 180, 190 C–C stretch
F 378 375 C–H stretch
the four configurations around the short-bridge site (shown
by a dot in the top image of Fig. 4(b)), suggesting that it
is bonded via sulfur atom to the short-bridge site. We note
that the local adsorption structure is similar between C6H5O
and C6H5S groups, except that the [1¯10] orientation is addi-
tionally observed for the latter. At 300 K (Fig. 6), the thio-
phenoxy groups are predominantly oriented along [001]; the
[1¯10] species turns into the [001] orientation by thermal acti-
vation, indicating that the [001] species is thermodynamically
stable. It is notable that the C6H5S groups are preferentially
arranged along the [1¯12] or [¯112] direction, while the C6H5O
groups are predominantly arranged along the [001] direction
(Fig. 2(a)). The difference in the chain direction implies the
different role of chalcogen atoms in the chain assembly of the
molecules.
C. Mechanism of chain formation
The phenoxy (C6H5O) groups are assembled into the
chain along the [001] direction with the interval of two-atomic
distance of Cu lattice (7.2 Å), as shown in Fig. 2(c). On the
other hand, the thiophenoxy (C6H5S) groups favor the chain
assembly along the [1¯12] or [¯112] direction (two-atomic dis-
tance along [001] and one-atomic distance along [1¯10], as
shown in Fig. 6(b)). The schematic structures are depicted
with the molecular dimensions assumed to be same as free
C6H5O(S) radicals35, 36 and van der Waals radii for each atom.
The molecules are oriented in the same direction in each
chain, and thus, the electrostatic dipole-dipole interaction is
most likely responsible for the preferential chain growth for
both molecules. The inter-row coupling observed for thio-
phenoxy species in Fig. 6 also supports the dipole mecha-
nism; the molecules in adjacent rows are always pointing in
opposite directions, as shown in the inset. Electrostatic inter-
action between organic molecules plays a key role in one-
dimensional21, 37, 38 and two-dimensional39–43 molecular as-
semblies on metal surfaces. Bartels and co-workers reported
that thiophenoxy groups are assembled on Cu(111), in such
a way that sulfur atom interacts preferentially with H atom
in the ortho position of adjacent molecule.32 This selective
C–H···S interaction (a kind of hydrogen bond) was argued
in term of charge density difference between the positions of
H atom. For the assembly on Cu(110), no preference of or-
tho position is observed as shown in Fig. 6(b), indicating that
the mechanism of interaction and assembly pattern critically
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FIG. 6. (a) A typical STM image of Cu(110) exposed to thiophenol at 300 K
(V = 86 mV and I = 2 nA). Thiophenoxy groups are preferentially arranged
along the [1¯12] or [¯112] directions. The inset shows a magnified image of
two adjacent chains, showing inter-chain coupling (V = 50 mV and I = 1
nA). (b) Enlarged image of a thiophenoxy chain with the surface lattice su-
perimposed (V = 50 mV and I = 5 nA). The corresponding model structure
is shown, where the molecules are depicted with van der Waals radii taken
into account for each atom. The “large” sulfur atom prevents the molecules
from being arranged along the [001] direction as phenoxy groups. The illus-
tration shows two rows of thiophenoxy in the inset in (a), which represents
the positional relationship across the rows as well as along the row. The im-
age size is 190×190 Å2, 22×22 Å2, and 17×31 Å2 for (a), inset in (a) and
(b), respectively.
depend on the substrate structure. In general, molecular
assembly is ruled by the interplay between molecule-
molecule interaction and molecule-substrate interaction. We
propose that the latter contributes more dominantly on
Cu(110) than on Cu(111). When the STM image was obtained
at 78 K, we observed the thiophenoxy group is immobile on
Cu(110). This is in contrast to the case of Cu(111), where it
is dynamically rotating and migrating even at 60 K.44 This
suggests that the molecule binds more strongly on Cu(110),
where the orientation of individual molecules is fixed along
the [001] direction so that they cannot be interacted with
each other via H atom of particular site. The molecules
are propelled into the chain by complementary dipole-dipole
interaction.
Then what causes the difference in the chain direction
between C6H5O and C6H5S groups? The chain structures de-
picted in the bottom of Figs. 2 and 6 for C6H5O and C6H5S
groups, respectively, with their van der Waals radii taken into
account, illustrate how the chain direction is ruled by chalco-
gen atoms: C6H5S groups are arranged along the [1¯12] or
[¯112] direction so that they maximize the benefit from the
dipole interaction while avoiding the steric hindrance between
sulfur atom and the adjacent phenyl ring. Thus the chain di-
rection is qualitatively explained in terms of the difference of
the van der Waals radii between oxygen and sulfur atoms.
IV. SUMMARY
The adsorption and molecular interaction of phenol and
thiophenol molecules on Cu(110) are studied by STM and
EELS. Phenol adsorbs intact while thiophenol leaves S–H hy-
drogen to yield a thiophenoxy (C6H5S) group at 78 K. The
former is dehydrogenated to yield a phenoxy (C6H5O) group
at 300 K. Both phenoxy and thiophenoxy species show similar
local structures; they are bonded via chalcogen atoms to the
short-bridge site with the phenyl ring oriented nearly parallel
to the surface. On the other hand, they prefer chain growth
along different directions, which is ruled by the interplay be-
tween attractive dipole-dipole interaction and the steric repul-
sion between chalcogen atoms and phenyl ring.
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